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ix

A Framework for K-12 Science Education represents the first step in a 
process to create new standards in K-12 science education. This project 
capitalizes on a major opportunity that exists at this moment—a large 

number of states are adopting common standards in mathematics and English/
language arts and thus are poised to consider adoption of common standards in 
K-12 science education. The impetus for this project grew from the recognition 
that, although the existing national documents on science content for grades K-12 
(developed in the early to mid-1990s) were an important step in strengthening 
science education, there is much room for improvement. Not only has science pro-
gressed, but the education community has learned important lessons from 10 years 
of implementing standards-based education, and there is a new and growing body 
of research on learning and teaching in science that can inform a revision of the 
standards and revitalize science education.

In this context, the Carnegie Corporation of New York, together with the 
Institute for Advanced Study, established a commission that issued a report enti-
tled The Opportunity Equation,  calling for a common set of standards in science 
to be developed. The Carnegie Corporation has taken a leadership role to ensure 
that the development of common science standards proceeds and is of the highest 
quality by funding a two-step process: first, the development of this framework 
by the National Research Council (NRC) and, second, the development of a next 
generation of science standards based on the framework led by Achieve, Inc. We 
are grateful for the financial support of the Carnegie Corporation for this project 
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x Foreword

and for their vision in establishing the partnership and two-step process for devel-
oping the new standards.

This framework builds on the strong foundation of previous studies that 
sought to identify and describe the major ideas for K-12 science education. These 
include Science for All Americans and Benchmarks for Science Literacy (1993), 
developed by the American Association for the Advancement of Science (AAAS), 
and the National Science Education Standards (1996), developed by the NRC. 
The framework is also informed by more recent work of two of our partner orga-
nizations: the AAAS (in Project 2061 especially) and the National Science Teachers 
Association (particularly the 2009 Anchors project). Achieve, Inc., our third part-
ner is this endeavor, will lead the development of next-generation standards for 
science education based on the framework presented in this report with the aspi-
ration that many states will choose to adopt them. We look forward to working 
with these organizations in the dissemination and implementation of the vision of 
science and engineering education that the framework embodies.

The framework highlights the power of integrating understanding the ideas 
of science with engagement in the practices of science and is designed to build 
students’ proficiency and appreciation for science over multiple years of school. 
Of particular note is the prominent place given to the ideas and practices of 
engineering. 

As presidents of the National Academy of Sciences and National Academy 
of Engineering, we are pleased to convey this report to interested readers. We 
believe that the education of the children of this nation is a vital national concern. 
The understanding of, and interest in, science and engineering that its citizens 
bring to bear in their personal and civic decision making is critical to good deci-
sions about the nation’s future. The percentage of students who are motivated 
by their school and out-of-school experiences to pursue careers in these fields is 
currently too low for the nation’s needs. Moreover, an ever-larger number of jobs 
require skills in these areas, along with those in language arts and mathematics. 

We thank the committee and the many consultants and NRC staff members 
who contributed to this effort, as well as the thousands who took the time to 
comment on the draft that was made public in July 2010. That input contributed 
substantially to the quality of this final report.

Ralph J. Cicerone, President, National Academy of Sciences
Charles M. Vest, President, National Academy of Engineering
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Together with the rest of the committee, I thank the many individuals and 
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not have been completed. We begin by acknowledging the generous support 
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his attention to and patience with this project.
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This report would not have been possible without the work of many indi-
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Wysession. These team leaders worked closely with the committee until the 
final stages of the project, tirelessly revising drafts of their work, discussing the 
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their initial commitments. The work would have been impossible without them.
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Science, engineering, and technology permeate nearly every facet of modern 
life, and they also hold the key to meeting many of humanity’s most press-
ing current and future challenges. Yet too few U.S. workers have strong 

backgrounds in these fields, and many people lack even fundamental knowledge 
of them. This national trend has created a widespread call for a new approach to 
K-12 science education in the United States. 

The Committee on a Conceptual Framework for New K-12 Science 
Education Standards was charged with developing a framework that articulates 
a broad set of expectations for students in science. The overarching goal of our 
framework for K-12 science education is to ensure that by the end of 12th grade, 
all students have some appreciation of the beauty and wonder of science; possess 
sufficient knowledge of science and engineering to engage in public discussions on 
related issues; are careful consumers of scientific and technological information 
related to their everyday lives; are able to continue to learn about science outside 
school; and have the skills to enter careers of their choice, including (but not lim-
ited to) careers in science, engineering, and technology.

Currently, K-12 science education in the United States fails to achieve these 
outcomes, in part because it is not organized systematically across multiple years 
of school, emphasizes discrete facts with a focus on breadth over depth, and 
does not provide students with engaging opportunities to experience how science 
is actually done. The framework is designed to directly address and overcome 
these weaknesses.
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2 A Framework for K-12 Science Education

The framework is based on a rich and growing body of research on teaching 
and learning in science, as well as on nearly two decades of efforts to define founda-
tional knowledge and skills for K-12 science and engineering. From this work, the 
committee concludes that K-12 science and engineering education should focus on 
a limited number of disciplinary core ideas and crosscutting concepts, be designed 
so that students continually build on and revise their knowledge and abilities over 
multiple years, and support the integration of such knowledge and abilities with the 
practices needed to engage in scientific inquiry and engineering design. 

The committee recommends that science education in grades K-12 be built 
around three major dimensions (see Box S-1 for details of each dimension). These 
dimensions are

�U	 Scientific and engineering practices

�U	 Crosscutting concepts that unify the study of science and engineering 
through their common application across fields

�U	 Core ideas in four disciplinary areas: physical sciences; life sciences; earth 
and space sciences; and engineering, technology, and applications of science 

To support students’ meaningful learning in science and engineering, all 
three dimensions need to be integrated into standards, curriculum, instruction, and 
assessment. Engineering and technology are featured alongside the natural sciences 
(physical sciences, life sciences, and earth and space sciences) for two critical rea-
sons: (1) to reflect the importance of understanding the human-built world and (2) 
to recognize the value of better integrating the teaching and learning of science, 
engineering, and technology. 

The broad set of expectations for students articulated in the framework is 
intended to guide the development of new standards that in turn guide revisions to 
science-related curriculum, instruction, assessment, and professional development 
for educators. A coherent and consistent approach throughout grades K-12 is 
key to realizing the vision for science and engineering education embodied in the 
framework: that students, over multiple years of school, actively engage in science 
and engineering practices and apply crosscutting concepts to deepen their under-
standing of each field’s disciplinary core ideas. 

The framework represents the first step in a process that should inform 
state-level decisions and provide a research-grounded basis for improving sci-
ence teaching and learning across the country. It is intended to guide standards 
developers, curriculum designers, assessment developers, state and district science 
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3Summary

THE THREE DIMENSIONS OF THE FRAMEWORK

1 Scientific and Engineering Practices
1.	� Asking questions (for science) and defining problems (for engineering)
2.	 Developing and using models
3.	� Planning and carrying out investigations
4.	 Analyzing and interpreting data
5.	� Using mathematics and computational thinking
6.	� Constructing explanations (for science) and designing solutions (for engineering)
7.	� Engaging in argument from evidence
8.	� Obtaining, evaluating, and communicating information

2 Crosscutting Concepts
1.	 Patterns 
2.	� Cause and effect: Mechanism and explanation
3.	� Scale, proportion, and quantity
4.	 Systems and system models
5.	� Energy and matter: Flows, cycles, and conservation
6.	 Structure and function
7.	 Stability and change

3 Disciplinary Core Ideas
�����������������
PS1: Matter and its interactions 
PS2: Motion and stability: Forces and interactions 
PS3: Energy 
PS4: Waves and their applications in technologies for information transfer 

�������������
LS1: From molecules to organisms: Structures and processes
LS2: Ecosystems: Interactions, energy, and dynamics
LS3: Heredity: Inheritance and variation of traits
LS4: Biological evolution: Unity and diversity

�����������
������������
ESS1: Earth’s place in the universe
ESS2: Earth’s systems
ESS3: Earth and human activity

�������������
����	�	���������

������	���	����������
ETS1: Engineering design
ETS2: Links among engineering, technology, science, and society

�������
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4 A Framework for K-12 Science Education

administrators, professionals responsible for science teacher education, and science 
educators working in informal settings. 

The report also identifies the challenges inherent in aligning the compo-
nents of K-12 science education with this new vision for science and engineering 
education, provides recommendations for standards development, and lays out a 
research agenda that would generate the insights needed to update the framework 
and inform new standards in the future. The committee emphasizes that greater 
improvements in K-12 science and engineering education will be made when all 
components of the system—from standards and assessments, to support for new 
and established teachers, to providing sufficient time for learning science—are 
aligned with the framework’s vision. 
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7

Science and engineering—significant parts of human culture that represent 
some of the pinnacles of human achievement—are not only major intel-
lectual enterprises but also can improve people’s lives in fundamental ways. 

Although the intrinsic beauty of science and a fascination with how the world 
works have driven exploration and discovery for centuries, many of the challenges 
that face humanity now and in the future—related, for example, to the environ-
ment, energy, and health—require social, political, and economic solutions that 
must be informed deeply by knowledge of the underlying science and engineering. 

Many recent calls for improvements in K-12 science education have focused 
on the need for science and engineering professionals to keep the United States 
competitive in the international arena. Although there is little doubt that this 
need is genuine, a compelling case can also be made that understanding science 
and engineering, now more than ever, is essential for every American citizen. 
Science, engineering, and the technologies they influence permeate every aspect 
of modern life. Indeed, some knowledge of science and engineering is required to 
engage with the major public policy issues of today as well as to make informed 
everyday decisions, such as selecting among alternative medical treatments or 
determining how to invest public funds for water supply options. In addition, 
understanding science and the extraordinary insights it has produced can be 
meaningful and relevant on a personal level, opening new worlds to explore 
and offering lifelong opportunities for enriching people’s lives. In these contexts, 
learning science is important for everyone, even those who eventually choose 
careers in fields other than science or engineering.



�
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The conceptual framework presented in this report of the Committee on a 
Conceptual Framework for New K-12 Science Education Standards articulates the 
committee’s vision of the scope and nature of the education in science, engineer-
ing, and technology needed for the 21st century. It is intended as a guide to the 
next step, which is the process of developing standards for all students. Thus it 
describes the major practices, crosscutting concepts, and disciplinary core ideas 
that all students should be familiar with by the end of high school, and it provides 
an outline of how these practices, concepts, and ideas should be developed across 
the grade levels. Engineering and technology are featured alongside the physical 
sciences, life sciences, and earth and space sciences for two critical reasons: to 
reflect the importance of understanding the human-built world and to recognize 
the value of better integrating the teaching and learning of science, engineering, 
and technology.

By framework we mean a broad description of the content and sequence 
of learning expected of all students by the completion of high school—but not at 
the level of detail of grade-by-grade standards or, at the high school level, course 
descriptions and standards. Instead, as this document lays out, the framework 
is intended as a guide to standards developers as well as for curriculum design-
ers, assessment developers, state and district science administrators, profession-
als responsible for science teacher education, and science educators working in 
informal settings. 

There are two primary reasons why a new framework is needed at this time. 
One is that it has been 15 or more years since the last comparable effort at the 
national scale, and new understandings both in science and in teaching and learn-
ing science have developed over that time. The second is the opportunity provided 
by a movement of multiple states to adopt common standards in mathematics 
and in language arts, which has prompted interest in comparable documents for 
science. This framework is the first part of a two-stage process to produce a next-
generation set of science standards for voluntary adoption by states. The second 
step—the development of a set of standards based on this framework—is a state-
led effort coordinated by Achieve, Inc., involving multiple opportunities for input 
from the states’ science educators, including teachers, and the public. 

A VISION FOR K-12 EDUCATION IN THE SCIENCES AND ENGINEERING

The framework is designed to help realize a vision for education in the sciences 
and engineering in which students, over multiple years of school, actively engage 
in scientific and engineering practices and apply crosscutting concepts to deepen 
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their understanding of the core ideas in these fields. The learning experiences 
provided for students should engage them with fundamental questions about the 
world and with how scientists have investigated and found answers to those ques-
tions. Throughout grades K-12, students should have the opportunity to carry out 
scientific investigations and engineering design projects related to the disciplinary 
core ideas. 

By the end of the 12th grade, students should have gained sufficient knowl-
edge of the practices, crosscutting concepts, and core ideas of science and engi-
neering to engage in public discussions on science-related issues, to be critical 
consumers of scientific information related to their everyday lives, and to continue 
to learn about science throughout their lives. They should come to appreciate 
that science and the current scientific understanding of the world are the result of 
many hundreds of years of creative human endeavor. It is especially important to 
note that the above goals are for all students, not just those who pursue careers in 
science, engineering, or technology or those who continue on to higher education.

We anticipate that the insights gained and interests provoked from study-
ing and engaging in the practices of science and engineering during their K-12 
schooling should help students see how science and engineering are instrumental 
in addressing major challenges that confront society today, such as generating 
sufficient energy, preventing and treating diseases, maintaining supplies of clean 
water and food, and solving the problems of global environmental change. In 
addition, although not all students will choose to pursue careers in science, engi-
neering, or technology, we hope that a science education based on the framework 
will motivate and inspire a greater number of people—and a better representation 
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of the broad diversity of the American population—to follow these paths than is 
the case today.

The committee’s vision takes into account two major goals for K-12 science 
education: (1) educating all students in science and engineering and (2) providing 
the foundational knowledge for those who will become the scientists, engineers, 
technologists, and technicians of the future. The framework principally concerns 
itself with the first task—what all students should know in preparation for their 
individual lives and for their roles as citizens in this technology-rich and scientifi-
cally complex world. Course options, including Advanced Placement (AP) or hon-
ors courses, should be provided that allow for greater breadth or depth in the sci-
ence topics that students pursue, not only in the usual disciplines taught as natural 
sciences in the K-12 context but also in allied subjects, such as psychology, com-
puter science, and economics. It is the committee’s conviction that such an educa-
tion, done well, will excite many more young people about science-related subjects 
and generate a desire to pursue science- or engineering-based careers.

Achieving the Vision

The framework is motivated in part by a growing national consensus around the 
need for greater coherence—that is, a sense of unity—in K-12 science education. 
Too often, standards are long lists of detailed and disconnected facts, reinforcing 
the criticism that science curricula in the United States tend to be “a mile wide 
and an inch deep” [1]. Not only is such an approach alienating to young people, 
but it can also leave them with just fragments of knowledge and little sense of the 
creative achievements of science, its inherent logic and consistency, and its uni-
versality. Moreover, that approach neglects the need for students to develop an 
understanding of the practices of science and engineering, which is as important to 
understanding science as knowledge of its content.

The framework endeavors to move science education toward a more coherent 
vision in three ways. First, it is built on the notion of learning as a developmental 

� �The framework is designed to help realize a vision for education in 

the sciences and engineering in which students, over multiple years of 

school, actively engage in scienti�c and engineering practices and apply 

crosscutting concepts to deepen their understanding of the core ideas in 

these �elds. �
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progression. It is designed to help children continually build on and revise their 
knowledge and abilities, starting from their curiosity about what they see around 
them and their initial conceptions about how the world works. The goal is to guide 
their knowledge toward a more scientifically based and coherent view of the sci-
ences and engineering, as well as of the ways in which they are pursued and their 
results can be used. 

Second, the framework focuses on a limited number of core ideas in sci-
ence and engineering both within and across the disciplines. The committee 
made this choice in order to avoid shallow coverage of a large number of topics 
and to allow more time for teachers and students to explore each idea in greater 
depth. Reduction of the sheer sum of details to be mastered is intended to give 
time for students to engage in scientific investigations and argumentation and to 
achieve depth of understanding of the core ideas presented. Delimiting what is to 
be learned about each core idea within each grade band also helps clarify what 
is most important to spend time on and avoid the proliferation of detail to be 
learned with no conceptual grounding.

Third, the framework emphasizes that learning about science and engineer-
ing involves integration of the knowledge of scientific explanations (i.e., content 
knowledge) and the practices needed to engage in scientific inquiry and engineer-
ing design. Thus the framework seeks to illustrate how knowledge and practice 
must be intertwined in designing learning experiences in K-12 science education. 

Limitations of This Framework

The terms “science,” “engineering,” and “technology” are often lumped together 
as a single phrase, both in this report and in education policy circles. But it is 
important to define what is meant by each of these terms in this report—and why. 

In the K-12 context, science is generally taken to mean the traditional natu-
ral sciences: physics, chemistry, biology, and (more recently) earth, space, and 
environmental sciences. In this document, we include core ideas for these disciplin-
ary areas, but not for all areas of science, as discussed further below. This limita-
tion matches our charge and the need of schools for a next generation of stan-
dards in these areas. Engineering and technology are included as they relate to the 
applications of science, and in so doing they offer students a path to strengthen 
their understanding of the role of sciences. We use the term engineering in a very 
broad sense to mean any engagement in a systematic practice of design to achieve 
solutions to particular human problems. Likewise, we broadly use the term tech-
nology to include all types of human-made systems and processes—not in the 
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limited sense often used in schools that equates technology with modern compu-
tational and communications devices. Technologies result when engineers apply 
their understanding of the natural world and of human behavior to design ways 
to satisfy human needs and wants. This is not to say that science necessarily pre-
cedes technology; throughout history, advances in scientific understanding often 
have been driven by engineers’ questions as they work to design new or improved 
machines or systems.

Engineering and technology, defined in these broad ways, are included in 
the framework for several reasons. First, the committee thinks it is important for 
students to explore the practical use of science, given that a singular focus on the 
core ideas of the disciplines would tend to shortchange the importance of applica-
tions. Second, at least at the K-8 level, these topics typically do not appear else-
where in the curriculum and thus are neglected if not included in science instruc-
tion. Finally, engineering and technology provide a context in which students can 
test their own developing scientific knowledge and apply it to practical problems; 
doing so enhances their understanding of science—and, for many, their interest in 
science—as they recognize the interplay among science, engineering, and technol-
ogy. We are convinced that engagement in the practices of engineering design is as 
much a part of learning science as engagement in the practices of science [2].

It is important to note, however, that the framework is not intended to 
define course structure, particularly at the high school level. Many high schools 
already have courses designated as technology, design, or even engineering that 
go beyond the limited introduction to these topics specified in the framework. 
These courses are often taught by teachers who have specialized expertise and 
do not consider themselves to be science teachers. The committee takes no posi-
tion on such courses—nor, in fact, on any particular set of course sequence 
options for students at the high school level. We simply maintain that some 
introduction to engineering practice, the application of science, and the inter-
relationship of science, engineering, and technology is integral to the learning of 
science for all students.

� �The committee’s vision takes into account two major goals for K-12 

science education: (1) educating all students in science and engineering 

and (2) providing the foundational knowledge for those who will become 

the scientists, engineers, technologists, and technicians of the future. �
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More generally, this framework should not be interpreted as limiting 
advanced courses that go beyond the material included here—all students at the 
high school level should have opportunities for advanced study in areas of interest 
to them, and it is hoped that, for many, this will include further study of specific 
science disciplines in honors or AP courses. Such course options may include top-
ics, such as neurobiology, and even disciplines, such as economics, that are not 
included in this framework.

Social, Behavioral, and Economic Sciences

Although some aspects of the behavioral sciences are incorporated in the frame-
work as part of life sciences, the social, behavioral, and economic sciences are not 
fully addressed. The committee did not identify a separate set of core ideas for 
these fields for several reasons. 

First, the original charge to the committee did not include these disciplines. 
Second, social, behavioral, and economic sciences include a diverse array of fields 
(sociology, economics, political science, anthropology, all of the branches of psy-
chology) with different methods, theories, relationships to other disciplines of 
science, and representation in the K-12 curriculum. Although some are currently 
represented in grades K-12, many are not or appear only in courses offered at the 
high school level. 

Third, the committee based the framework on existing documents that out-
line the major ideas for K-12 science education, including the National Science 
Education Standards (NSES) [3], the Benchmarks for Science Literacy [4] and the 
accompanying Atlas [5], the Science Framework for the 2009 National Assessment 
of Educational Progress (NAEP) [6], and the Science College Board Standards for 
College Success [7]. Most of these documents do not cover all of the fields that are 
part of the social, behavioral, and economic sciences comprehensively, and some 
omit them entirely. 

Fourth, understanding how to integrate the social, behavioral, and economic 
sciences into standards, given how subjects are currently organized in the K-12 
system, is especially complex. These fields have typically not been included as part 
of the science curriculum and, as noted above, are not represented systematically 
in some of the major national-level documents that identify core concepts for K-12 
science. Also, many of the topics related to the social, behavioral, and economic 
sciences are incorporated into curricula or courses identified as social studies and 
may be taught from a humanities perspective. In fact, the National Council for the 
Social Studies has a set of National Curriculum Standards for Social Studies that 
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includes standards in such areas as psychology, sociology, geography, anthropol-
ogy, political science, and economics [8]. 

The limited treatment of these fields in this report’s framework should not, 
however, be interpreted to mean that the social, behavioral, and economic sci-
ences should be omitted from the K-12 curriculum. On the contrary, the commit-
tee strongly believes that these important disciplines need their own framework 
for defining core concepts to be learned at the K-12 level and that learning (the 
development of understanding of content and practices) in the physical, life, earth, 
and space sciences and engineering should be strongly linked with parallel learning 
in the social, behavioral, and economic sciences. Any such framework must also 
address important and challenging issues of school and curriculum organization 
around the domain of social sciences and social studies. 

Our committee has neither the charge nor the expertise to undertake that 
important work. Thus, although we have included references to some of the 
social, behavioral, and economic issues connected to the sciences that are the focus 
of our own framework (see, for example, Core Idea 2 in engineering, technol-
ogy, and applications of science), we do not consider these references to define 
the entirety of what students should learn or discuss about social, behavioral, and 
economic sciences. 

In a separate effort, the National Research Council (NRC) has plans to con-
vene a workshop to begin exploring a definition of what core ideas in the social, 
behavioral, and economic sciences would be appropriate to teach at the K-12 level 
and at what grade levels to introduce them. As noted above, there are many quite 
distinct realms of study covered by the terms. Given the multiplicity and variety 
of disciplines involved, only a few of which are currently addressed in any way in 
K-12 classrooms, there is much work to be done to address the role of these sci-
ences in the development of an informed 21st-century citizen. It is clear, however, 
to the authors of this report that these sciences, although different in focus, do 
have much in common with the subject areas included here, so that much of what 
this report discusses in defining scientific and engineering practices and crosscut-
ting concepts has application across this broader realm of science. 

Computer Science and Statistics

Computer science and statistics are other areas of science that are not addressed 
here, even though they have a valid presence in K-12 education. Statistics is basi-
cally a subdiscipline of mathematical sciences, and it is addressed to some extent 
in the common core mathematics standards. Computer science, too, can be seen 
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as a branch of the mathematical sciences, as well as having some elements of engi-
neering. But, again, because this area of the curriculum has a history and a teach-
ing corps that are generally distinct from those of the sciences, the committee has 
not taken this domain as part of our charge. Once again, this omission should not 
be interpreted to mean that computer science or statistics should be excluded from 
the K-12 curriculum. There are aspects of computational and statistical thinking 
that must be understood and applied in learning about the sciences, and we iden-
tify these aspects, along with mathematical thinking, in our discussion of science 
practices in Chapter 3. 

ABOUT THIS REPORT

The Committee on a Conceptual Framework for New K-12 Science Education 
Standards was established by the NRC to undertake the study on which this 
report is based. Composed of 18 members reflecting a diversity of perspectives 
and a broad range of expertise, the committee includes professionals in the natural 
sciences, mathematics, engineering, cognitive and developmental psychology, the 
learning sciences, education policy and implementation, research on learning sci-
ence in the classroom, and the practice of teaching science. 

The committee’s charge was to develop a conceptual framework that 
would specify core ideas in the life sciences, physical sciences, earth and space 
sciences, and engineering and technology, as well as crosscutting concepts and 
practices, around which standards should be developed. The committee was also 
charged with articulating how these disciplinary ideas and crosscutting concepts 
intersect for at least three grade levels and to develop guidance for implementa-
tion (see Box 1-1).

Scope and Approach

The committee carried out the charge through an iterative process of amassing 
information, deliberating on it, identifying gaps, gathering further information to 
fill these gaps, and holding further discussions. In our search for particulars, we 
held three public fact-finding meetings, reviewed published reports and unpub-
lished research, and commissioned experts to prepare and present papers. At our 
fourth meeting, we deliberated on the form and structure of the framework and 
on the content of the report’s supporting chapters, to prepare a draft framework 
for public release in July 2010. During the fifth and sixth meetings, we considered 
the feedback received from the public and developed a plan for revising the draft 
framework based on this input (see below for further details).
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The nature of the charge—to identify the scientific and engineering ideas 
and practices that are most important for all students in grades K-12 to learn—
means that the committee ultimately had to rely heavily on its own expertise and 
collective judgments. To the extent possible, however, we used research-based 
evidence and past efforts to inform these judgments. Our approach combined 

COMMITTEE CHARGE

An ad hoc committee will develop and define a framework to guide the development of science education 
standards. In conducting the study and preparing its report, the committee will draw on current research on sci-
ence learning as well as research and evaluation evidence related to standards-based education reform. This will 
include existing efforts to specify central ideas for science education, including the ����	�������������������	��
���������, AAAS Benchmarks, the 2009 NAEP Framework, and the redesign of the AP courses by the College 
Board.

The conceptual framework developed by the committee will identify and articulate the core ideas in science 
around which standards should be developed by considering core ideas in the disciplines of science (life sciences, 
physical sciences, earth and space sciences, and applied sciences) as well as crosscutting ideas such as mathema-
tization,* causal reasoning, evaluating and using evidence, argumentation, and model development. The com-
mittee will illustrate with concrete examples how crosscutting ideas may play out in the context of select core 
disciplinary ideas and articulate expectations for students’ learning of these ideas for at least three key grade 
levels. In parallel, the committee will develop a research and development plan to inform future revisions of the 
standards. Specifically in its consensus report, the committee will

�s	� identify a small set of core ideas in each of the major science disciplines, as well as those ideas that cut 
across disciplines, using a set of criteria developed by the committee

�s	� develop guidance on implementation of the framework
�s	� articulate how these disciplinary ideas and crosscutting ideas intersect for at least three grade levels 
�s	� create examples of performance expectations
�s	� discuss implications of various goals for science education (e.g., general science literacy, college preparation, 

and workforce readiness) on the priority of core ideas and articulation of leaning expectations
�s	� develop a research and development plan to inform future revisions of the standards

*Mathematization is a technical term that means representing relationships in the natural world using mathematics.

��������
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evidence on the learning and teaching of science and engineering with a detailed 
examination of previous science standards documents. It is important to note that 
even where formal research is limited, the report is based on the collective experi-
ence of the science education and science education research communities. All the 
practices suggested have been explored in classrooms, as have the crosscutting 
concepts (though perhaps under other names such as “unifying themes”).

Design Teams

The committee’s work was significantly advanced by the contributions of four 
design teams, which were contracted by the NRC to prepare materials that 
described the core ideas in the natural sciences and engineering and outlined how 
these ideas could be developed across grades K-12. Each team had a designated 
leader who provided guidance and interacted frequently with the committee. The 
materials developed by the teams form the foundation for the core disciplinary 
ideas and grade band endpoints described in this report (Chapters 5-8). A list of 
the design team participants appears in Appendix D.

The design teams were asked to begin their work by considering the 
ideas and practices described in the NSES [3], AAAS Benchmarks [4], Science 
Framework for the 2009 NAEP  [6], and Science College Board Standards for 
College Success [7] as well as the relevant research on learning and teaching in 
science. The teams prepared drafts and presented them to the committee dur-
ing the closed portions of our first three meetings. Between meetings, the teams 
revised their drafts in response to committee comments. Following the release 
of the July 2010 draft (see the next section), the leaders of the design teams 
continued to interact with committee members as they planned the revisions of 
the draft framework. No members of the design teams participated in the dis-
cussions during which the committee reached consensus on the content of the 
final draft.

� �The framework and subsequent standards will not lead to improvements 

in K-12 science education unless the other components of the system—

curriculum, instruction, professional development, and assessment—

change so that they are aligned with the framework’s vision. �
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Public Feedback

The committee recognized early in the process that obtaining feedback from a 
broad range of stakeholders and experts would be crucial to the success of the 
framework. For this reason, we obtained permission from the NRC to release a 
draft version of the framework for public comment. 

The draft version was prepared, underwent an expedited NRC review, and 
was released in early July 2010. It was then posted online for a period of three 
weeks, during which time individuals could submit comments through an online 
survey. In addition, NRC staff contacted over 40 organizations in science, engi-
neering, and education, notifying them of the public comment period and asking 
them to hold focus groups to gather feedback from members or to at least notify 
their members of the opportunity to comment online. The NRC also worked 
closely with the National Science Teachers Association, the American Association 
for the Advancement of Science, Achieve, Inc., and the Council of State Science 
Supervisors both to facilitate the public input process and to organize focus 
groups. Finally, the committee asked nine experts to provide detailed feedback on 
the public draft.

During the 3-week public comment period, the committee received exten-
sive input from both individuals and groups: a total of more than 2,000 people 
responded to the online survey. More than 30 focus groups were held around the 
country, with 15-40 participants in each group. The committee also received let-
ters from key individuals and organizations. A list of the organizations that par-
ticipated in the focus groups or submitted letters is included in Appendix A. 

NRC staff, together with the committee chair, reviewed all of the input and 
developed summaries that identified the major issues raised and outlined possible 
revisions to the draft framework. Committee members reviewed these summaries 
and also had the opportunity to review the public feedback in detail. Based on 
discussions at the fifth and sixth meetings, the committee made substantial revi-
sions to the framework based on the feedback. A summary of the major issues 
raised in the public feedback and the revisions the committee made is included in 
Appendix A.

Structure of the Report

The first nine chapters of this report outline the principles underlying the frame-
work, describe the core ideas and practices for K-12 education in the natural 
sciences and engineering, and provide examples of how these ideas and practices 
should be integrated into any standards. 
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The remaining four chapters of the report address issues related to design-
ing and implementing standards and strengthening the research base that should 
inform them. Chapter 10 articulates the issues related to curriculum, instruction, 
and assessment. Chapter 11 discusses important considerations related to equity 
and diversity. Chapter 12 provides guidance for standards developers as they work 
to apply the framework. Finally, Chapter 13 outlines the research agenda that 
would allow a systematic implementation of the framework and related standards. 
The chapter also specifies the kinds of research needed for future iterations of the 
standards to be better grounded in evidence. 

NEXT STEPS

The National Governors Association and the Council of Chief State School 
Officers have developed “Common Core State Standards” in mathematics and 
language arts, and 43 states and the District of Columbia have adopted these stan-
dards as of early 2011. The anticipation of a similar effort for science standards 
was a prime motivator for this NRC study and the resulting framework described 
in this report. 

To maintain the momentum, the Carnegie Corporation commissioned the 
nonpartisan and nonprofit educational reform organization Achieve, Inc., to lead 
states in developing new science standards based on the NRC framework in this 
report. There is no prior commitment from multiple states to adopt such stan-
dards, so the process will be different from the Common Core process used for 
mathematics and language arts. But it is expected that Achieve will form partner-
ships with a number of states in undertaking this work and will offer multiple 
opportunities for public comment. 

As our report was being completed, Achieve’s work on science standards 
was already under way, starting with an analysis of international science bench-
marking in high-performing countries that is expected to inform the standards 
development process. We understand that Achieve has also begun some prelimi-
nary planning for that process based on the draft framework that was circulated 
for public comment in summer 2010. The relevance of such work should deepen 
once the revised framework in this report, on which Achieve’s standards will be 
based, is released. It should be noted, however, that our study and the framework 
described in this report are independent of the work of Achieve. 

The framework and any standards that will be based on it make explicit the 
goals around which a science education system should be organized [9]. The com-
mittee recognizes, however, that the framework and subsequent standards will not 
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lead to improvements in K-12 science education unless the other components of 
the system—curriculum, instruction, professional development, and assessment—
change so that they are aligned with the framework’s vision. Thus the framework 
and standards are necessary but not sufficient to support the desired improve-
ments. In Chapter 10, we address some of the challenges inherent in achieving 
such alignment. 
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The conceptual framework presented in this report is based on a large and 
growing body of research on teaching and learning science. Much of this 
research base has been synthesized in other National Research Council 

(NRC) reports. Research on how children learn science and the implications for 
science instruction in grades K-8 was central to Taking Science to School [1], 
America’s Lab Report [2] examined the role of laboratory experiences in high 
school science instruction, and Learning Science in Informal Environments [3] 
focused on the role of science learning experiences outside school. Complementing 
these publications, Systems for State Science Assessment [4] studied large-scale 
assessments of science learning, and Engineering in K-12 Education [5] looked 
into the knowledge and skills needed to introduce students to engineering in 
grades K-12. All of these NRC reports have been essential input to the develop-
ment of the framework. 

The framework also builds on two other prior works on standards: 
Benchmarks for Science Literacy published by the American Association for the 
Advancement of Science (AAAS) [6] and the NRC’s National Science Education 
Standards (NSES) [7]. In addition, the committee examined more recent efforts, 
including the Science Framework for the 2009 National Assessment of Educational 
Progress [8], Science College Board Standards for College Success [9], the National 
Science Teachers Association’s (NSTA’s) Science Anchors project [10], and a variety 
of state and international science standards and curriculum specifications.
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PRINCIPLES OF THE FRAMEWORK

Several guiding principles, drawn from what is known about the nature of learn-
ing science, underlie both the structure and the content of the framework. These 
principles include young children’s capacity to learn science, a focus on core 
ideas, the development of true understanding over time, the consideration both of 
knowledge and practice, the linkage of science education to students’ interests and 
experiences, and the promotion of equity. 

Children Are Born Investigators

The research summarized in Taking Science to School [1] revealed that children 
entering kindergarten have surprisingly sophisticated ways of thinking about the 
world, based in part on their direct experiences with the physical environment, 

such as watching objects fall or 
collide and observing plants and 
animals [11-16]. They also learn 
about the world through everyday 
activities, such as talking with their 
families, pursuing hobbies, watching 
television, and playing with friends 
[3]. As children try to understand 
and influence the world around 
them, they develop ideas about 
their role in that world and how it 
works [17-19]. In fact, the capacity 
of young children—from all back-
grounds and socioeconomic levels—
to reason in sophisticated ways is 
much greater than has long been 
assumed [1]. Although they may 
lack deep knowledge and extensive 
experience, they often engage in a 
wide range of subtle and complex 
reasoning about the world [20-23]. 

Thus, before they even enter school, children have developed their own ideas about 
the physical, biological, and social worlds and how they work. By listening to and 
taking these ideas seriously, educators can build on what children already know 
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and can do. Such initial ideas may be more or less cohesive and sometimes may be 
incorrect. However, some of children’s early intuitions about the world can be used 
as a foundation to build remarkable understanding, even in the earliest grades. 
Indeed, both building on and refining prior conceptions (which can include miscon-
ceptions) are important in teaching science at any grade level. The implication of 
these findings for the framework is that building progressively more sophisticated 
explanations of natural phenomena is central throughout grades K-5, as opposed 
to focusing only on description in the early grades and leaving explanation to the 
later grades. Similarly, students can engage in scientific and engineering practices 
beginning in the early grades.

Focusing on Core Ideas and Practices

The framework focuses on a limited set of core ideas in order to avoid the cover-
age of multiple disconnected topics—the oft-mentioned mile wide and inch deep. 
This focus allows for deep exploration of important concepts, as well as time for 
students to develop meaningful understanding, to actually practice science and 
engineering, and to reflect on their nature. It also results in a science education 
that extends in a more coherent way across grades K-12. 

The core ideas also can provide an organizational structure for the acquisi-
tion of new knowledge. Understanding the core ideas and engaging in the scien-
tific and engineering practices helps to prepare students for broader understand-
ing, and deeper levels of scientific and engineering investigation, later on—in high 
school, college, and beyond. One rationale for organizing content around core 
ideas comes from studies comparing experts and novices in any field. Experts 
understand the core principles and theoretical constructs of their field, and they 
use them to make sense of new information or tackle novel problems. Novices, in 
contrast, tend to hold disconnected and even contradictory bits of knowledge as 
isolated facts and struggle to find a way to organize and integrate them [24]. The 
assumption, then, is that helping students learn the core ideas through engaging 
in scientific and engineering practices will enable them to become less like novices 
and more like experts. 

Importantly, this approach will also help students build the capacity to 
develop more flexible and coherent—that is, wide-ranging—understanding of sci-
ence. Research on learning shows that supporting development of this kind of 
understanding is challenging, but it is aided by explicit instructional support that 
stresses connections across different activities and learning experiences. 
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Understanding Develops Over Time

To develop a thorough understanding of scientific explanations of the world, 
students need sustained opportunities to work with and develop the underlying 
ideas and to appreciate those ideas’ interconnections over a period of years rather 
than weeks or months [1]. This sense of development has been conceptualized in 
the idea of learning progressions [1, 25, 26]. If mastery of a core idea in a science 
discipline is the ultimate educational destination, then well-designed learning pro-
gressions provide a map of the routes that can be taken to reach that destination. 
Such progressions describe both how students’ understanding of the idea matures 
over time and the instructional supports and experiences that are needed for them 
to make progress. Learning progressions may extend all the way from preschool 
to 12th grade and beyond—indeed, people can continue learning about scientific 
core ideas their entire lives. Because learning progressions extend over multiple 
years, they can prompt educators to consider how topics are presented at each 
grade level so that they build on prior understanding and can support increasingly 
sophisticated learning. Hence, core ideas and their related learning progressions 
are key organizing principles for the design of the framework. 

Science and Engineering Require Both Knowledge and Practice

Science is not just a body of knowledge that reflects current understanding of the 
world; it is also a set of practices used to establish, extend, and refine that knowl-
edge. Both elements—knowledge and practice—are essential. 

In science, knowledge, based on evidence from many investigations, is inte-
grated into highly developed and well-tested theories that can explain bodies of 
data and predict outcomes of further investigations. Although the practices used 
to develop scientific theories (as well as the form that those theories take) differ 
from one domain of science to another, all sciences share certain common fea-
tures at the core of their inquiry-based and problem-solving approaches. Chief 
among these features is a commitment to data and evidence as the foundation 

� �Building progressively more sophisticated explanations of natural 

phenomena is central throughout grades K-5, as opposed to focusing 

only on description in the early grades and leaving explanation to the 

later grades. �
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for developing claims. The argumentation and analysis that relate evidence and 
theory are also essential features of science; scientists need to be able to examine, 
review, and evaluate their own knowledge and ideas and critique those of others. 
Argumentation and analysis include appraisal of data quality, modeling of theo-
ries, development of new testable questions from those models, and modification 
of theories and models as evidence indicates they are needed. 

Finally, science is fundamentally a social enterprise, and scientific knowl-
edge advances through collaboration and in the context of a social system with 
well-developed norms. Individual scientists may do much of their work indepen-
dently or they may collaborate closely with colleagues. Thus, new ideas can be the 
product of one mind or many working together. However, the theories, models, 
instruments, and methods for collecting and displaying data, as well as the norms 
for building arguments from evidence, are developed collectively in a vast net-
work of scientists working together over extended periods. As they carry out their 
research, scientists talk frequently with their colleagues, both formally and infor-
mally. They exchange emails, engage in discussions at conferences, share research 
techniques and analytical procedures, and present and respond to ideas via pub-
lication in journals and books. In short, scientists constitute a community whose 
members work together to build a body of evidence and devise and test theories. 
In addition, this community and its culture exist in the larger social and economic 
context of their place and time and are influenced by events, needs, and norms 
from outside science, as well as by the interests and desires of scientists.

Similarly, engineering involves both knowledge and a set of practices. 
The major goal of engineering is to solve problems that arise from a specific 
human need or desire. To do this, engineers rely on their knowledge of science 
and mathematics as well as their understanding of the engineering design pro-
cess. Defining and solving the problem, that is, specifying what is needed and 
designing a solution for it, are the parts of engineering on which we focus in this 
framework, both because they provide students a place to practice the appli-
cation of their understanding of science and because the design process is an 
important way for K-12 students to develop an understanding of engineering as 

� �Science is not just a body of knowledge that re�ects current 

understanding of the world; it is also a set of practices used to establish, 

extend, and re�ne that knowledge. �
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a discipline and as a possible career path. The work of engineers, like the work 
of scientists, involves both individual and cooperative effort; and it requires spe-
cialized knowledge. Hence, we include both engineering practices and engineer-
ing core ideas in this framework.

Connecting to Students’ Interests and Experiences

A rich science education has the potential to capture students’ sense of wonder 
about the world and to spark their desire to continue learning about science 
throughout their lives. Research suggests that personal interest, experience, and 
enthusiasm—critical to children’s learning of science at school or in other set-
tings—may also be linked to later educational and career choices [27-30]. Thus, 
in order for students to develop a sustained attraction to science and for them 
to appreciate the many ways in which it is pertinent to their daily lives, class-
room learning experiences in science need to connect with their own interests 
and experiences. 

As a strategy for building on prior interest, the disciplinary core ideas identi-
fied here are described not only with an eye toward the knowledge that students 
bring with them to school but also toward the kinds of questions they are likely to 
pose themselves at different ages. Such questions as “Where do we come from?,” 
“Why is the sky blue?,” and “What is the smallest piece of matter?” are funda-
mental hooks that engage young people. Framing a curriculum around such sets of 
questions helps to communicate relevance and salience to this audience.

Promoting Equity

Equity in science education requires that all students are provided with equitable 
opportunities to learn science and become engaged in science and engineering 
practices; with access to quality space, equipment, and teachers to support and 
motivate that learning and engagement; and adequate time spent on science. In 
addition, the issue of connecting to students’ interests and experiences is particu-
larly important for broadening participation in science. There is increasing recog-
nition that the diverse customs and orientations that members of different cultural 
communities bring both to formal and to informal science learning contexts are 
assets on which to build—both for the benefit of the student and ultimately of sci-
ence itself. For example, researchers have documented that children reared in rural 
agricultural communities, who experience intense and regular interactions with 
plants and animals, develop more sophisticated understanding of ecology and bio-
logical species than do urban and suburban children of the same age [31-33].
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Others have identified connections between children’s culturally based sto-
rytelling and their engagement in argumentation and science inquiry, and some of 
these researchers have also documented pedagogical means of using such connec-
tions to support students’ 
science learning and promote 
educational equity [34]. 
The research demonstrates 
the importance of embrac-
ing diversity as a means of 
enhancing learning about 
science and the world, espe-
cially as society in the United 
States becomes progressively 
more diverse with respect to 
language, ethnicity, and race. 

The goal of educa-
tional equity is one of the 
reasons to have rigorous standards that apply to all students. Not only should all 
students be expected to attain these standards, but also work is needed to ensure 
that all are provided with high-quality opportunities to engage in significant sci-
ence and engineering learning.

STRUCTURE OF THE FRAMEWORK

Based on the guiding principles outlined above, we have created a framework—
comprised of three dimensions—that broadly outlines the knowledge and prac-
tices of the sciences and engineering that all students should learn by the end of 
high school: 

�U	 Dimension 1 describes scientific and engineering practices. 

�U	 Dimension 2 describes crosscutting concepts—that is, those having applica-
bility across science disciplines.

�U	 Dimension 3 describes core ideas in the science disciplines and of the rela-
tionships among science, engineering, and technology. 

The three dimensions of the framework, which constitute the major con-
clusions of this report, are presented in separate chapters. However, in order to 
facilitate students’ learning, the dimensions must be woven together in standards, 
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curricula, instruction, and assessments. When they explore particular disciplinary 
ideas from Dimension 3, students will do so by engaging in practices articulated in 
Dimension 1 and should be helped to make connections to the crosscutting con-
cepts in Dimension 2. 

Dimension 1: Practices

Dimension 1 describes (a) the major practices that scientists employ as they inves-
tigate and build models and theories about the world and (b) a key set of engi-
neering practices that engineers use as they design and build systems. We use the 
term “practices” instead of a term such as “skills” to emphasize that engaging in 
scientific investigation requires not only skill but also knowledge that is specific to 
each practice. 

Similarly, because the term “inquiry,” extensively referred to in previous 
standards documents, has been interpreted over time in many different ways 
throughout the science education community, part of our intent in articulating 
the practices in Dimension 1 is to better specify what is meant by inquiry in sci-
ence and the range of cognitive, social, and physical practices that it requires. 
As in all inquiry-based approaches to science teaching, our expectation is that 
students will themselves engage in the practices and not merely learn about them 
secondhand. Students cannot comprehend scientific practices, nor fully appreci-
ate the nature of scientific knowledge itself, without directly experiencing those 
practices for themselves.

Dimension 2: Crosscutting Concepts

The crosscutting concepts have application across all domains of science. As such, 
they provide one way of linking across the domains in Dimension 3. These cross-
cutting concepts are not unique to this report. They echo many of the unifying 
concepts and processes in the National Science Education Standards [7], the com-
mon themes in the Benchmarks for Science Literacy [6], and the unifying concepts 
in the Science College Board Standards for College Success [9]. The framework’s 
structure also reflects discussions related to the NSTA Science Anchors project, 
which emphasized the need to consider not only disciplinary content but also the 
ideas and practices that cut across the science disciplines.

Dimension 3: Disciplinary Core Ideas

The continuing expansion of scientific knowledge makes it impossible to teach all 
the ideas related to a given discipline in exhaustive detail during the K-12 years. 
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But given the cornucopia of information available today virtually at a touch—
people live, after all, in an information age—an important role of science educa-
tion is not to teach “all the facts” but rather to prepare students with sufficient 
core knowledge so that they can later acquire additional information on their 
own. An education focused on a limited set of ideas and practices in science and 
engineering should enable students to evaluate and select reliable sources of scien-
tific information and allow them to continue their development well beyond their 
K-12 school years as science learners, users of scientific knowledge, and perhaps 
also as producers of such knowledge. 

With these ends in mind, the committee developed its small set of core ideas 
in science and engineering by applying the criteria listed below. Although not 
every core idea will satisfy every one of the criteria, to be regarded as core, each 
idea must meet at least two of them (though preferably three or all four). 

Specifically, a core idea for K-12 science instruction should

1.	� Have broad importance across multiple sciences or engineering disci-
plines or be a key organizing principle of a single discipline.

2.	� Provide a key tool for understanding or investigating more complex ideas 
and solving problems.

3.	� Relate to the interests and life experiences of students or be connected 
to societal or personal concerns that require scientific or technological 
knowledge. 

4.	� Be teachable and learnable over multiple grades at increasing levels of 
depth and sophistication. That is, the idea can be made accessible to 
younger students but is broad enough to sustain continued investigation 
over years. 

In organizing Dimension 3, we grouped disciplinary ideas into four major 
domains: the physical sciences; the life sciences; the earth and space sciences; 
and engineering, technology, and applications of science. At the same time, true 
to Dimension 2, we acknowledge the multiple connections among domains. 
Indeed, more and more frequently, scientists work in interdisciplinary teams that 
blur traditional boundaries. As a consequence, in some instances core ideas, or 
elements of core ideas, appear in several disciplines (e.g., energy, human impact 
on the planet). 

Each core idea and its components are introduced with a question designed 
to show some aspect of the world that this idea helps to explain. The question 
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is followed by a description of the understanding about the idea that should be 
developed by the end of high school. This structure is intended to stress that pos-
ing questions about the world and seeking to answer them is fundamental to 
doing science. 

The inclusion of core ideas related to engineering, technology, and appli-
cations of science reflects an increasing emphasis at the national level on con-
sidering connections among science, technology, engineering, and mathematics. 
It is also informed by a recent report from the NRC on engineering education 
in K-12, which highlights the linkages—which go both ways—between learn-
ing science and learning engineering. Just as new science enables or sometimes 

demands new technologies, new technologies 
enable new scientific investigations, allowing 
scientists to probe realms and handle quanti-
ties of data previously inaccessible to them. 

Moreover, the line between applied sci-
ence and engineering is fuzzy. It is impossible 
to do engineering today without applying 
science in the process, and, in many areas of 
science, designing and building new experi-
ments requires scientists to engage in some 
engineering practices. This interplay of sci-
ence and engineering makes it appropriate to 
place engineering and technology as part of 
the science framework at the K-12 level. In 

this way, students can better see how science and engineering pertain to real-world 
problems and explore opportunities to apply their scientific knowledge to engi-
neering design problems once this linkage is made. 

Finally, our effort to identify a small number of core ideas may disappoint 
some scientists and educators who find little or nothing of their favorite science 
topics included in the framework. But the committee is convinced that by building 

� �Just as new science enables or sometimes demands new technologies, 

new technologies enable new scienti�c investigations, allowing 

scientists to probe realms and handle quantities of data previously 

inaccessible to them. �
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a strong base of core knowledge and competencies, understood in sufficient depth 
to be used, students will leave school better grounded in scientific knowledge and 
practices—and with greater interest in further learning in science—than when 
instruction “covers” multiple disconnected pieces of information that are memo-
rized and soon forgotten once the test is over.

Progressions Across K-12

The framework emphasizes developing students’ proficiency in science in a 
coherent way across grades K-12 following the logic of learning progressions. 
Developing detailed learning progressions for all of the practices, concepts, and 
ideas that make up the three dimensions was beyond the committee’s charge; how-
ever, we do provide some guidance on how students’ facility with the practices, 
concepts, and ideas may develop over multiple grades. For the practices and cross-
cutting concepts, the committee developed sketches of the possible progression for 
each practice or concept. These progressions do not specify grade bands because 
there was not enough available evidence to do so.

For the disciplinary core ideas, we provide a set of grade band endpoints 
for each component idea that describe the developing understanding that stu-
dents should have acquired by the ends of grades 2, 5, 8, and 12, respectively. 
These endpoints indicate how this idea should be developed across the span 
of the K-12 years. In standards, curriculum, and instruction, a more complete 
sequence that integrates the core ideas with the practices and crosscutting con-
cepts will be needed.

When possible, the grade band endpoints were informed by research on 
teaching and learning, particularly on learning progressions (see Appendix B for 
a list of the references the committee consulted). The committee referred to this 
literature to help determine students’ capabilities at a particular grade band given 
appropriate instructional support as well as potential difficulties. However, the 
availability of such research is uneven across the core and component ideas of 
Dimension 3. For this reason, the endpoints were also informed by the commit-
tee’s judgment about grade appropriateness. All in all, the endpoints provide a set 
of initial hypotheses about the progression of learning that can inform standards 
and serve as a basis for additional research.

The endpoints follow a common trend across the grades. In grades K-2, we 
choose ideas about phenomena that students can directly experience and inves-
tigate. In grades 3-5, we include invisible but chiefly still macroscopic entities, 
such as what is inside the body or Earth, with which children will have had little 
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direct experience. When microscopic entities are introduced, no stress is placed on 
understanding their size—just that they are too small to see directly. However, pic-
tures, physical models, and simulations can represent the entities and relate them 
to phenomena that the students can investigate and interpret. In grades 6-8, we 
move to atomic-level explanations of physical phenomena and cellular-level expla-
nations of life processes and biological structures, but without detail on the inner 
workings of an atom or a cell. Finally, in grades 9-12 we shift to subatomic and 
subcellular explanations. A similar progression of scales and abstraction of mod-
els applies in addressing phenomena of large scales and deep time. We have also 
included some “boundary statements” that specify the level of detail students are 
expected to know, but standards will need to further delineate such boundaries.

The progression for practices across the grades follows a similar pattern, 
with grades K-2 stressing observations and explanations related to direct experi-
ences, grades 3-5 introducing simple models that help explain observable phenom-
ena, and a transition to more abstract and more detailed models and explanations 
across the grades 6-8 and 9-12. The idea behind these choices is not that young 
children cannot reason abstractly or imagine unseen things but that their capacity 
to do so in a scientific context needs to be developed with opportunities presented 
over time. There is ample opportunity to develop scientific thinking, argumenta-
tion, and reasoning in the context of familiar phenomena in grades K-2, and that 
is the experience that will best support science learning across the grades. 
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From its inception, one of the principal goals of science education has been 
to cultivate students’ scientific habits of mind, develop their capability to 
engage in scientific inquiry, and teach them how to reason in a scientific 

context [1, 2]. There has always been a tension, however, between the emphasis 
that should be placed on developing knowledge of the content of science and 
the emphasis placed on scientific practices. A narrow focus on content alone has 
the unfortunate consequence of leaving students with naive conceptions of the 
nature of scientific inquiry [3] and the impression that science is simply a body 
of isolated facts [4]. 

This chapter stresses the importance of developing students’ knowledge of 
how science and engineering achieve their ends while also strengthening their com-
petency with related practices. As previously noted, we use the term “practices,” 
instead of a term such as “skills,” to stress that engaging in scientific inquiry 
requires coordination both of knowledge and skill simultaneously. 

In the chapter’s three major sections, we first articulate why the learning of 
science and engineering practices is important for K-12 students and why these 
practices should reflect those of professional scientists and engineers. Second, we 
describe in detail eight practices we consider essential for learning science and 
engineering in grades K-12 (see Box 3-1). Finally, we conclude that acquiring skills 
in these practices supports a better understanding of how scientific knowledge is 
produced and how engineering solutions are developed. Such understanding will 
help students become more critical consumers of scientific information.

�
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Throughout the discussion, we consider practices both of science and engi-
neering. In many cases, the practices in the two fields are similar enough that they 
can be discussed together. In other cases, however, they are considered separately.

WHY PRACTICES?

Engaging in the practices of science helps students understand how scientific 
knowledge develops; such direct involvement gives them an appreciation of the 
wide range of approaches that are used to investigate, model, and explain the 
world. Engaging in the practices of engineering likewise helps students under-
stand the work of engineers, as well as the links between engineering and science. 
Participation in these practices also helps students form an understanding of the 
crosscutting concepts and disciplinary ideas of science and engineering; moreover, 
it makes students’ knowledge more meaningful and embeds it more deeply into 
their worldview. 

The actual doing of science or engineering can also pique students’ curios-
ity, capture their interest, and motivate their continued study; the insights thus 
gained help them recognize that the work of scientists and engineers is a creative 

PRACTICES FOR K-12 SCIENCE CLASSROOMS

1. Asking questions (for science) and defining problems (for engineering)

2. Developing and using models

3. Planning and carrying out investigations

4. Analyzing and interpreting data

5. Using mathematics and computational thinking

6. Constructing explanations (for science) and designing solutions (for engineering)

7. Engaging in argument from evidence

8. Obtaining, evaluating, and communicating information
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http://www.nap.edu/13165


Dimension 1: Scienti�c and Engineering Practices 43

endeavor [5, 6]—one that has deeply affected the world they live in. Students 
may then recognize that science and engineering can contribute to meeting many 
of the major challenges that confront society today, such as generating sufficient 
energy, preventing and treating disease, maintaining supplies of fresh water and 
food, and addressing climate change. Any education that focuses predominantly 
on the detailed products of scientific labor—the facts of science—without develop-
ing an understanding of how those facts were established or that ignores the many 
important applications of science in the world misrepresents science and marginal-
izes the importance of engineering.

Understanding How Scientists Work

The idea of science as a set of practices has emerged from the work of historians, 
philosophers, psychologists, and sociologists over the past 60 years. This work 
illuminates how science is actually done, both in the short term (e.g., studies of 
activity in a particular laboratory or program) and historically (studies of labora -
tory notebooks, published texts, eyewitness accounts) [7-9]. Seeing science as a 
set of practices shows that theory development, reasoning, and testing are compo-
nents of a larger ensemble of activities that includes networks of participants and 
institutions [10, 11], specialized ways of talking and writing [12], the development 
of models to represent systems or phenomena [13-15], the making of predictive 
inferences, construction of appropriate instrumentation, and testing of hypotheses 
by experiment or observation [16]. 

Our view is that this perspective is an improvement over previous 
approaches in several ways. First, it minimizes the tendency to reduce scientific 
practice to a single set of procedures, such as identifying and controlling variables, 
classifying entities, and identifying sources of error. This tendency overemphasizes 
experimental investigation at the expense of other practices, such as modeling, 
critique, and communication. In addition, when such procedures are taught in iso-
lation from science content, they become the aims of instruction in and of them-
selves rather than a means of developing a deeper understanding of the concepts 
and purposes of science [17]. 

� �The actual doing of science or engineering can pique students’ 

curiosity, capture their interest, and motivate their continued study. �
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Second, a focus on practices (in the plural) avoids the mistaken impression 
that there is one distinctive approach common to all science—a single “scientific 
method”—or that uncertainty is a universal attribute of science. In reality, practicing 
scientists employ a broad spectrum of methods, and although science involves many 
areas of uncertainty as knowledge is developed, there are now many aspects of sci-
entific knowledge that are so well established as to be unquestioned foundations of 
the culture and its technologies. It is only through engagement in the practices that 
students can recognize how such knowledge comes about and why some parts of 
scientific theory are more firmly established than others.

Third, attempts to develop the idea that science should be taught through 
a process of inquiry have been hampered by the lack of a commonly accepted 
definition of its constituent elements. Such ambiguity results in widely divergent 
pedagogic objectives [18]—an outcome that is counterproductive to the goal of 
common standards. 

The focus here is on important practices, such as modeling, developing 
explanations, and engaging in critique and evaluation (argumentation), that have 
too often been underemphasized in the context of science education. In particular, 
we stress that critique is an essential element both for building new knowledge 
in general and for the learning of science in particular [19, 20]. Traditionally, 
K-12 science education has paid little attention to the role of critique in science. 
However, as all ideas in science are evaluated against alternative explanations and 
compared with evidence, acceptance of an explanation is ultimately an assess-
ment of what data are reliable and relevant and a decision about which explana-
tion is the most satisfactory. Thus knowing why the wrong answer is wrong can 
help secure a deeper and stronger understanding of why the right answer is right. 
Engaging in argumentation from evidence about an explanation supports students’ 
understanding of the reasons and empirical evidence for that explanation, demon-
strating that science is a body of knowledge rooted in evidence.

How the Practices Are Integrated into Both Inquiry and Design

One helpful way of understanding the practices of scientists and engineers is to 
frame them as work that is done in three spheres of activity, as shown in Figure 
3-1. In one sphere, the dominant activity is investigation and empirical inquiry. 
In the second, the essence of work is the construction of explanations or designs 
using reasoning, creative thinking, and models. And in the third sphere, the ideas, 
such as the fit of models and explanations to evidence or the appropriateness of 
product designs, are analyzed, debated, and evaluated [21-23]. In all three spheres 
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of activity, scientists and engineers try to use the best available tools to support 
the task at hand, which today means that modern computational technology is 
integral to virtually all aspects of their work.

At the left of the figure are activities related to empirical investigation. In 
this sphere of activity, scientists determine what needs to be measured; observe 
phenomena; plan experiments, programs of observation, and methods of data 
collection; build instruments; engage in disciplined fieldwork; and identify sourc-
es of uncertainty. For their part, engineers engage in testing that will contribute 
data for informing proposed designs. A civil engineer, for example, cannot design 
a new highway without measuring the terrain and collecting data about the 
nature of the soil and water flows. 

The activities related to developing explanations and solutions are shown 
at the right of the figure. For scientists, their work in this sphere of activity is to 
draw from established theories and models and to propose extensions to theory 
or create new models. Often, they develop a model or hypothesis that leads to 
new questions to investigate or alternative explanations to consider. For engineers, 
the major practice is the production of designs. Design development also involves 
constructing models, for example, computer simulations of new structures or pro-
cesses that may be used to test a design under a range of simulated conditions or, 

THE REAL WORLD

COLLECT DATA
TEST SOLUTIONS

THEORIES
AND MODELS

FORMULATE HYPOTHESES
PROPOSE SOLUTIONS

Ask Questions
Observe
Experiment
Measure

Imagine
Reason
Calculate
Predict

ARGUE
CRITIQUE
ANALYZE

Investigating
Developing Explanations

and SolutionsEvaluating

FIGURE 3-1 The three spheres of activity for scientists and engineers.
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at a later stage, to test a physical prototype. Both scientists and engineers use their 
models—including sketches, diagrams, mathematical relationships, simulations, 
and physical models—to make predictions about the likely behavior of a system, 
and they then collect data to evaluate the predictions and possibly revise the mod-
els as a result. 

Between and within these two spheres of activity is the practice of evalua-
tion, represented by the middle space. Here is an iterative process that repeats at 
every step of the work. Critical thinking is required, whether in developing and 
refining an idea (an explanation or a design) or in conducting an investigation. 
The dominant activities in this sphere are argumentation and critique, which often 
lead to further experiments and observations or to changes in proposed models, 
explanations, or designs. Scientists and engineers use evidence-based argumenta-
tion to make the case for their ideas, whether involving new theories or designs, 
novel ways of collecting data, or interpretations of evidence. They and their peers 
then attempt to identify weaknesses and limitations in the argument, with the ulti-
mate goal of refining and improving the explanation or design.

In reality, scientists and engineers move, fluidly and iteratively, back and 
forth among these three spheres of activity, and they conduct activities that might 
involve two or even all three of the modes at once. The function of Figure 3-1 is 
therefore solely to offer a scheme that helps identify the function, significance, 
range, and diversity of practices embedded in the work of scientists and engineers. 
Although admittedly a simplification, the figure does identify three overarching 
categories of practices and shows how they interact. 

How Engineering and Science Differ

Engineering and science are similar in that both involve creative processes, 
and neither uses just one method. And just as scientific investigation has been 
defined in different ways, engineering design has been described in various ways. 
However, there is widespread agreement on the broad outlines of the engineering 
design process [24, 25]. 

Like scientific investigations, engineering design is both iterative and sys-
tematic. It is iterative in that each new version of the design is tested and then 
modified, based on what has been learned up to that point. It is systematic in 
that a number of characteristic steps must be undertaken. One step is identifying 
the problem and defining specifications and constraints. Another step is generat-
ing ideas for how to solve the problem; engineers often use research and group 
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sessions (e.g., “brainstorming”) to come up with a range of solutions and design 
alternatives for further development. Yet another step is the testing of potential 
solutions through the building and testing of physical or mathematical models 
and prototypes, all of which provide valuable data that cannot be obtained in 
any other way. With data in hand, the engineer can analyze how well the various 
solutions meet the given specifications and constraints and then evaluate what is 
needed to improve the leading design or devise a better one. 

In contrast, scientific studies may or may not be driven by any immedi-
ate practical application. On one hand, certain kinds of scientific research, such 
as that which led to Pasteur’s fundamental contributions to the germ theory of 
disease, were undertaken for practical purposes and resulted in important new 
technologies, including vaccination for anthrax and rabies and the pasteurization 
of milk to prevent spoilage. On the other hand, many scientific studies, such as 
the search for the planets orbiting distant stars, are driven by curiosity and under-
taken with the aim of answering a question about the world or understanding an 

� �Students’ opportunities to immerse themselves in these practices and 

to explore why they are central to science and engineering are critical to 

appreciating the skill of the expert and the nature of his or her enterprise. �
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observed pattern. For science, developing such an explanation constitutes success 
in and of itself, regardless of whether it has an immediate practical application; 
the goal of science is to develop a set of coherent and mutually consistent theoreti-
cal descriptions of the world that can provide explanations over a wide range of 
phenomena, For engineering, however, success is measured by the extent to which 
a human need or want has been addressed.

Both scientists and engineers engage in argumentation, but they do so with 
different goals. In engineering, the goal of argumentation is to evaluate prospec-
tive designs and then produce the most effective design for meeting the specifi-
cations and constraints. This optimization process typically involves trade-offs 
between competing goals, with the consequence that there is never just one “cor-
rect” solution to a design challenge. Instead, there are a number of possible solu-
tions, and choosing among them inevitably involves personal as well as technical 
and cost considerations. Moreover, the continual arrival of new technologies 
enables new solutions.

In contrast, theories in science must meet a very different set of criteria, 
such as parsimony (a preference for simpler solutions) and explanatory coherence 
(essentially how well any new theory provides explanations of phenomena that fit 
with observations and allow predictions or inferences about the past to be made). 
Moreover, the aim of science is to find a single coherent and comprehensive theory 
for a range of related phenomena. Multiple competing explanations are regarded 
as unsatisfactory and, if possible, the contradictions they contain must be resolved 
through more data, which enable either the selection of the best available expla-
nation or the development of a new and more comprehensive theory for the phe-
nomena in question.

Although we do not expect K-12 students to be able to develop new scien-
tific theories, we do expect that they can develop theory-based models and argue 
using them, in conjunction with evidence from observations, to develop explana-
tions. Indeed, developing evidence-based models, arguments, and explanations is 
key to both developing and demonstrating understanding of an accepted scien-
tific viewpoint. 

� �A focus on practices (in the plural) avoids the mistaken impression 

that there is one distinctive approach common to all science—a single 

“scienti�c method.” �
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PRACTICES FOR K-12 CLASSROOMS

The K-12 practices described in this chapter are derived from those that scientists 
and engineers actually engage in as part of their work. We recognize that students 
cannot reach the level of competence of professional scientists and engineers, any 
more than a novice violinist is expected to attain the abilities of a virtuoso. Yet 
students’ opportunities to immerse themselves in these practices and to explore 
why they are central to science and engineering are critical to appreciating the skill 
of the expert and the nature of his or her enterprise. 

We consider eight practices to be essential elements of the K-12 science and 
engineering curriculum:

1.	� Asking questions (for science) and defining problems (for engineering)
2.	� Developing and using models
3.	� Planning and carrying out investigations
4.	� Analyzing and interpreting data
5.	� Using mathematics and computational thinking
6.	� Constructing explanations (for science) and designing solutions (for 

engineering)
7.	� Engaging in argument from evidence
8.	� Obtaining, evaluating, and communicating information

In the eight subsections that follow, we address in turn each of these eight 
practices in some depth. Each discussion describes the practice, articulates the 
major competencies that students should have by the end of 12th grade (“Goals”), 
and sketches how their competence levels might progress across the preceding 
grades (“Progression”). These sketches are based on the committee’s judgment, as 
there is very little research evidence as yet on the developmental trajectory of each 
of these practices. The overall objective is that students develop both the facil-
ity and the inclination to call on these practices, separately or in combination, as 
needed to support their learning and to demonstrate their understanding of science 
and engineering. Box 3-2 briefly contrasts the role of each practice’s manifestation 
in science with its counterpart in engineering. In doing science or engineering, the 
practices are used iteratively and in combination; they should not be seen as a lin-
ear sequence of steps to be taken in the order presented.
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DISTINGUISHING PRACTICES IN SCIENCE FROM THOSE IN ENGINEERING

1. Asking Questions and Defining Problems

Science begins with a question about a phe-
nomenon, such as “Why is the sky blue?” or 
“What causes cancer?,” and seeks to develop 
theories that can provide explanatory answers to 
such questions. A basic practice of the scientist 
is formulating empirically answerable questions 
about phenomena, establishing what is already 
known, and determining what questions have 
yet to be satisfactorily answered. 

Engineering begins with a problem, need, or desire 
that suggests an engineering problem that needs to 
be solved. A societal problem such as reducing the 
nation’s dependence on fossil fuels may engender a 
variety of engineering problems, such as designing 
more efficient transportation systems, or alternative 
power generation devices such as improved solar 
cells. Engineers ask questions to define the engineer-
ing problem, determine criteria for a successful solu-
tion, and identify constraints.

2. Developing and Using Models

Science often involves the construction and use 
of a wide variety of models and simulations to 
help develop explanations about natural phe-
nomena. Models make it possible to go beyond 
observables and imagine a world not yet seen. 
Models enable predictions of the form “if . . . 
then . . . therefore” to be made in order to test 
hypothetical explanations. 

Engineering makes use of models and simulations 
to analyze existing systems so as to see where flaws 
might occur or to test possible solutions to a new 
problem. Engineers also call on models of various 
sorts to test proposed systems and to recognize the 
strengths and limitations of their designs.

3. Planning and Carrying Out Investigations 

Scientific investigation may be conducted 
in the field or the laboratory. A major practice of 
scientists is planning and carrying out a system-
atic investigation, which requires the identifica-
tion of what is to be recorded and, if applicable, 
what are to be treated as the dependent and 
independent variables (control of variables). 
Observations and data collected from such work 
are used to test existing theories and explana-
tions or to revise and develop new ones. 

Engineers use investigation both to gain data 
essential for specifying design criteria or parameters 
and to test their designs. Like scientists, engineers 
must identify relevant variables, decide how they 
will be measured, and collect data for analysis. Their 
investigations help them to identify how effective, 
efficient, and durable their designs may be under a 
range of conditions. 

�������
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4. Analyzing and Interpreting Data

Scientific investigations produce data that 
must be analyzed in order to derive meaning. 
Because data usually do not speak for them-
selves, scientists use a range of tools—including 
tabulation, graphical interpretation, visualization, 
and statistical analysis—to identify the signifi-
cant features and patterns in the data. Sources 
of error are identified and the degree of certainty 
calculated. Modern technology makes the collec-
tion of large data sets much easier, thus provid-
ing many secondary sources for analysis.

Engineers analyze data collected in the tests of 
their designs and investigations; this allows them 
to compare different solutions and determine how 
well each one meets specific design criteria—that 
is, which design best solves the problem within the 
given constraints. Like scientists, engineers require 
a range of tools to identify the major patterns and 
interpret the results. 

5. Using Mathematics and Computational Thinking

In science, mathematics and computation 
are fundamental tools for representing physi-
cal variables and their relationships. They are 
used for a range of tasks, such as constructing 
simulations, statistically analyzing data, and rec-
ognizing, expressing, and applying quantitative 
relationships. Mathematical and computational 
approaches enable predictions of the behavior of 
physical systems, along with the testing of such 
predictions. Moreover, statistical techniques are 
invaluable for assessing the significance of pat-
terns or correlations. 

In engineering, mathematical and computa-
tional representations of established relationships 
and principles are an integral part of design. For 
example, structural engineers create mathematically 
based analyses of designs to calculate whether they 
can stand up to the expected stresses of use and if 
they can be completed within acceptable budgets. 
Moreover, simulations of designs provide an effective 
test bed for the development of designs and their 
improvement. 
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6. Constructing Explanations and Designing Solutions

The goal of science is the construction of theo-
ries that can provide explanatory accounts of 
features of the world. A theory becomes accept-
ed when it has been shown to be superior to 
other explanations in the breadth of phenomena 
it accounts for and in its explanatory coherence 
and parsimony. Scientific explanations are explic-
it applications of theory to a specific situation or 
phenomenon, perhaps with the intermediary of a 
theory-based model for the system under study. 
The goal for students is to construct logically 
coherent explanations of phenomena that incor-
porate their current understanding of science, 
or a model that represents it, and are consistent 
with the available evidence.

Engineering design, a systematic process for 
solving engineering problems, is based on scien-
tific knowledge and models of the material world. 
Each proposed solution results from a process of 
balancing competing criteria of desired functions, 
technological feasibility, cost, safety, esthetics, and 
compliance with legal requirements. There is usually 
no single best solution but rather a range of solu-
tions. Which one is the optimal choice depends on 
the criteria used for making evaluations.

7. Engaging in Argument from Evidence

In science, reasoning and argument are 
essential for identifying the strengths and weak-
nesses of a line of reasoning and for finding 
the best explanation for a natural phenomenon. 
Scientists must defend their explanations, for-
mulate evidence based on a solid foundation of 
data, examine their own understanding in light 
of the evidence and comments offered by oth-
ers, and collaborate with peers in searching for 
the best explanation for the phenomenon being 
investigated.

In engineering, reasoning and argument are 
essential for finding the best possible solution to 
a problem. Engineers collaborate with their peers 
throughout the design process, with a critical stage 
being the selection of the most promising solution 
among a field of competing ideas. Engineers use 
systematic methods to compare alternatives, formu-
late evidence based on test data, make arguments 
from evidence to defend their conclusions, evaluate 
critically the ideas of others, and revise their designs 
in order to achieve the best solution to the problem 
at hand. 

DISTINGUISHING PRACTICES IN SCIENCE FROM THOSE IN ENGINEERING
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8. Obtaining, Evaluating, and Communicating Information

Science cannot advance if scientists are 
unable to communicate their findings clearly 
and persuasively or to learn about the findings 
of others. A major practice of science is thus 
the communication of ideas and the results of 
inquiry—orally, in writing, with the use of tables, 
diagrams, graphs, and equations, and by engag-
ing in extended discussions with scientific peers. 
Science requires the ability to derive meaning 
from scientific texts (such as papers, the Internet, 
symposia, and lectures), to evaluate the scientific 
validity of the information thus acquired, and to 
integrate that information.

Engineers cannot produce new or improved tech-
nologies if the advantages of their designs are not 
communicated clearly and persuasively. Engineers 
need to be able to express their ideas, orally and in 
writing, with the use of tables, graphs, drawings, or 
models and by engaging in extended discussions 
with peers. Moreover, as with scientists, they need 
to be able to derive meaning from colleagues’ texts, 
evaluate the information, and apply it usefully. In 
engineering and science alike, new technologies are 
now routinely available that extend the possibilities 
for collaboration and communication.
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Practice 1 	 Asking Questions and De�ning Problems

Questions are the engine that drive science and engineering. 
	
Science asks

�U	 What exists and what happens?

�U	 Why does it happen?

�U	 How does one know? 

Engineering asks 

�U	 What can be done to address a particular human need or want?

�U	 How can the need be better specified?

�U	� What tools and technologies are available, or could be developed, for 
addressing this need?

Both science and engineering ask

�U	� How does one communicate about phenomena, evidence, explanations, 
and design solutions? 

Asking questions is essential to developing scientific habits of mind. Even 
for individuals who do not become scientists or engineers, the ability to ask well-
defined questions is an important component of science literacy, helping to make 
them critical consumers of scientific knowledge. 

Scientific questions arise in a variety of ways. They can be driven by curios-
ity about the world (e.g., Why is the sky blue?). They can be inspired by a model’s 
or theory’s predictions or by attempts to extend or refine a model or theory (e.g., 
How does the particle model of matter explain the incompressibility of liquids?). 
Or they can result from the need to provide better solutions to a problem. For 
example, the question of why it is impossible to siphon water above a height of 32 
feet led Evangelista Torricelli (17th-century inventor of the barometer) to his dis-
coveries about the atmosphere and the identification of a vacuum. 

Questions are also important in engineering. Engineers must be able to ask 
probing questions in order to define an engineering problem. For example, they 
may ask: What is the need or desire that underlies the problem? What are the 
criteria (specifications) for a successful solution? What are the constraints? Other 
questions arise when generating possible solutions: Will this solution meet the 
design criteria? Can two or more ideas be combined to produce a better solution? 
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What are the possible trade-offs? And more questions arise when testing solutions: 
Which ideas should be tested? What evidence is needed to show which idea is 
optimal under the given constraints?

The experience of learning science and engineering should therefore develop 
students’ ability to ask—and indeed, encourage them to ask—well-formulated 
questions that can be investigated empirically. Students also need to recognize the 
distinction between questions that can be answered empirically and those that are 
answerable only in other domains of knowledge or human experience. 

GOALS

By grade 12, students should be able to

�U	 Ask questions about the natural and human-built worlds—for example: Why 
are there seasons? What do bees do? Why did that structure collapse? How 
is electric power generated?

�U	 Distinguish a scientific question (e.g., Why do helium balloons rise?) from a 
nonscientific question (Which of these colored balloons is the prettiest?).

�U	 Formulate and refine questions that can be answered empirically in a sci-
ence classroom and use them to design an inquiry or construct a pragmatic 
solution.

�U	 Ask probing questions that seek to identify the premises of an argument, 
request further elaboration, refine a research question or engineering prob-
lem, or challenge the interpretation of a data set—for example: How do you 
know? What evidence supports that argument?

�U	 Note features, patterns, or contradictions in observations and ask questions 
about them.

�U	 For engineering, ask questions about the need or desire to be met in order to 
define constraints and specifications for a solution.

� �Students at any grade level should be able to ask questions of each 

other about the texts they read, the features of the phenomena they 

observe, and the conclusions they draw from their models or scienti�c 

investigations. �
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PROGRESSION

Students at any grade level should be able to ask questions of each other about the 
texts they read, the features of the phenomena they observe, and the conclusions 
they draw from their models or scientific investigations. For engineering, they 
should ask questions to define the problem to be solved and to elicit ideas that 
lead to the constraints and specifications for its solution. As they progress across 
the grades, their questions should become more relevant, focused, and sophisti-
cated. Facilitating such evolution will require a classroom culture that respects and 
values good questions, that offers students opportunities to refine their questions 
and questioning strategies, and that incorporates the teaching of effective ques-
tioning strategies across all grade levels. As a result, students will become increas-
ingly proficient at posing questions that request relevant empirical evidence; that 
seek to refine a model, an explanation, or an engineering problem; or that chal-
lenge the premise of an argument or the suitability of a design.

Practice 2 	 Developing and Using Models

Scientists construct mental and conceptual models of phenomena. Mental models 
are internal, personal, idiosyncratic, incomplete, unstable, and essentially function-
al. They serve the purpose of being a tool for thinking with, making predictions, 
and making sense of experience. Conceptual models, the focus of this section, are, 
in contrast, explicit representations that are in some ways analogous to the phe-
nomena they represent. Conceptual models allow scientists and engineers to better 
visualize and understand a phenomenon under investigation or develop a possible 
solution to a design problem. Used in science and engineering as either structural, 
functional, or behavioral analogs, albeit simplified, conceptual models include dia-
grams, physical replicas, mathematical representations, analogies, and computer 
simulations. Although they do not correspond exactly to the more complicated 
entity being modeled, they do bring certain features into focus while minimizing 
or obscuring others. Because all models contain approximations and assumptions 
that limit the range of validity of their application and the precision of their pre -
dictive power, it is important to recognize their limitations.

Conceptual models are in some senses the external articulation of the men-
tal models that scientists hold and are strongly interrelated with mental models. 
Building an understanding of models and their role in science helps students to 
construct and revise mental models of phenomena. Better mental models, in turn, 
lead to a deeper understanding of science and enhanced scientific reasoning.
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Scientists use models (from here on, for the sake of simplicity, we use the 
term “models” to refer to conceptual models rather than mental models) to repre-
sent their current understanding of a system (or parts of a system) under study, to 
aid in the development of questions and explanations, and to communicate ideas 

to others [13]. Some of the models 
used by scientists are mathemati-
cal; for example, the ideal gas law 
is an equation derived from the 
model of a gas as a set of point 
masses engaged in perfectly elastic 
collisions with each other and the 
walls of the container—which is 
a simplified model based on the 
atomic theory of matter. For more 
complex systems, mathematical 
representations of physical systems 
are used to create computer simu-
lations, which enable scientists to 
predict the behavior of otherwise 
intractable systems—for example, 
the effects of increasing atmo-

spheric levels of carbon dioxide on agriculture in different regions of the world. 
Models can be evaluated and refined through an iterative cycle of comparing their 
predictions with the real world and then adjusting them, thereby potentially yield-
ing insights into the phenomenon being modeled. 

Engineering makes use of models to analyze existing systems; this allows 
engineers to see where or under what conditions flaws might develop or to test 
possible solutions to a new problem. Engineers also use models to visualize a 
design and take it to a higher level of refinement, to communicate a design’s fea-
tures to others, and as prototypes for testing design performance. Models, particu-
larly modern computer simulations that encode relevant physical laws and proper-
ties of materials, can be especially helpful both in realizing and testing designs for 
structures, such as buildings, bridges, or aircraft, that are expensive to construct 
and that must survive extreme conditions that occur only on rare occasions. Other 
types of engineering problems also benefit from use of specialized computer-based 
simulations in their design and testing phases. But as in science, engineers who use 
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models must be aware of their intrinsic limitations and test them against known 
situations to ensure that they are reliable.

GOALS

By grade 12, students should be able to

�U	 Construct drawings or diagrams as representations of events or systems—for 
example, draw a picture of an insect with labeled features, represent what 
happens to the water in a puddle as it is warmed by the sun, or represent 
a simple physical model of a real-world object and use it as the basis of an 
explanation or to make predictions about how the system will behave in 
specified circumstances.

�U	 Represent and explain phenomena with multiple types of models—for exam-
ple, represent molecules with 3-D models or with bond diagrams—and move 
flexibly between model types when different ones are most useful for differ-
ent purposes.

�U	 Discuss the limitations and precision of a model as the representation of a 
system, process, or design and suggest ways in which the model might be 
improved to better fit available evidence or better reflect a design’s specifica-
tions. Refine a model in light of empirical evidence or criticism to improve 
its quality and explanatory power.

�U	 Use (provided) computer simulations or simulations developed with simple 
simulation tools as a tool for understanding and investigating aspects of a 
system, particularly those not readily visible to the naked eye.

�U	 Make and use a model to test a design, or aspects of a design, and to com-
pare the effectiveness of different design solutions.

PROGRESSION 

Modeling can begin in the earliest grades, with students’ models progressing from 
concrete “pictures” and/or physical scale models (e.g., a toy car) to more abstract 
representations of relevant relationships in later grades, such as a diagram repre-
senting forces on a particular object in a system. Students should be asked to use 
diagrams, maps, and other abstract models as tools that enable them to elaborate 
on their own ideas or findings and present them to others [15]. Young students 
should be encouraged to devise pictorial and simple graphical representations of 
the findings of their investigations and to use these models in developing their 
explanations of what occurred. 
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More sophisticated types of models should increasingly be used across the 
grades, both in instruction and curriculum materials, as students progress through 
their science education. The quality of a student-developed model will be highly 
dependent on prior knowledge and skill and also on the student’s understand-
ing of the system being modeled, so students should be expected to refine their 
models as their understanding develops. Curricula will need to stress the role of 
models explicitly and provide students with modeling tools (e.g., Model-It, agent-
based modeling such as NetLogo, spreadsheet models), so that students come to 
value this core practice and develop a level of facility in constructing and applying 
appropriate models.

Practice 3 	 Planning and Carrying Out Investigations

Scientists and engineers investigate and observe the world with essentially two 
goals: (1) to systematically describe the world and (2) to develop and test theories 
and explanations of how the world works. In the first, careful observation and 
description often lead to identification of features that need to be explained or 
questions that need to be explored. 

The second goal requires investigations to test explanatory models of the 
world and their predictions and whether the inferences suggested by these mod-
els are supported by data. Planning and designing such investigations require the 
ability to design experimental or observational inquiries that are appropriate to 
answering the question being asked or testing a hypothesis that has been formed. 
This process begins by identifying the relevant variables and considering how they 
might be observed, measured, and controlled (constrained by the experimental 
design to take particular values). 

Planning for controls is an important part of the design of an investigation. 
In laboratory experiments, it is critical to decide which variables are to be treated 
as results or outputs and thus left to vary at will and which are to be treated as 
input conditions and hence controlled. In many cases, particularly in the case of 
field observations, such planning involves deciding what can be controlled and 
how to collect different samples of data under different conditions, even though 
not all conditions are under the direct control of the investigator.

Decisions must also be made about what measurements should be taken, 
the level of accuracy required, and the kinds of instrumentation best suited to 
making such measurements. As in other forms of inquiry, the key issue is one 
of precision—the goal is to measure the variable as accurately as possible and 
reduce sources of error. The investigator must therefore decide what constitutes 
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a sufficient level of precision and what techniques can be used to reduce both 
random and systematic error.

GOALS

By grade 12, students should be able to 

�U	 Formulate a question that can be investigated within the scope of the class-
room, school laboratory, or field with available resources and, when appro-
priate, frame a hypothesis (that is, a possible explanation that predicts a 
particular and stable outcome) based on a model or theory.

�U	 Decide what data are to be gathered, what tools are needed to do the gather-
ing, and how measurements will be recorded. 

�U	 Decide how much data are needed to produce reliable measurements and 
consider any limitations on the precision of the data.

�U	 Plan experimental or field-research procedures, identifying relevant indepen-
dent and dependent variables and, when appropriate, the need for controls.

�U	 Consider possible confounding variables or effects and ensure that the inves-
tigation’s design has controlled for them.

PROGRESSION

Students need opportunities to design investigations so that they can learn the 
importance of such decisions as what to measure, what to keep constant, and how 
to select or construct data collection instruments that are appropriate to the needs 
of an inquiry. They also need experiences that help them recognize that the labora-
tory is not the sole domain for legitimate scientific inquiry and that, for many sci-
entists (e.g., earth scientists, ethologists, ecologists), the “laboratory” is the natural 
world where experiments are conducted and data are collected in the field. 

In the elementary years, students’ experiences should be structured to help 
them learn to define the features to be investigated, such as patterns that sug-
gest causal relationships (e.g., What features of a ramp affect the speed of a given 
ball as it leaves the ramp?). The plan of the investigation, what trials to make 
and how to record information about them, then needs to be refined iteratively 
as students recognize from their experiences the limitations of their original plan. 
These investigations can be enriched and extended by linking them to engineer-
ing design projects—for example, how can students apply what they have learned 
about ramps to design a track that makes a ball travel a given distance, go around 
a loop, or stop on an uphill slope. From the earliest grades, students should have 
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opportunities to carry out careful and systematic investigations, with appropri-
ately supported prior experiences that develop their ability to observe and measure 
and to record data using appropriate tools and instruments.

Students should have opportunities to plan and carry out several different 
kinds of investigations during their K-12 years. At all levels, they should engage in 
investigations that range from those structured by the teacher—in order to expose 
an issue or question that they would be unlikely to explore on their own (e.g., mea-
suring specific properties of materials)—to those that emerge from students’ own 

questions. As they become more 
sophisticated, students also should 
have opportunities not only to iden-
tify questions to be researched but 
also to decide what data are to be 
gathered, what variables should be 
controlled, what tools or instruments 
are needed to gather and record data 
in an appropriate format, and eventu-
ally to consider how to incorporate 
measurement error in analyzing data. 

Older students should be 
asked to develop a hypothesis that 
predicts a particular and stable out-

come and to explain their reasoning and justify their choice. By high school, any 
hypothesis should be based on a well-developed model or theory. In addition, 
students should be able to recognize that it is not always possible to control 
variables and that other methods can be used in such cases—for example, look-
ing for correlations (with the understanding that correlations do not necessarily 
imply causality).

Practice 4 	 Analyzing and Interpreting Data

Once collected, data must be presented in a form that can reveal any patterns and 
relationships and that allows results to be communicated to others. Because raw 
data as such have little meaning, a major practice of scientists is to organize and 
interpret data through tabulating, graphing, or statistical analysis. Such analysis 
can bring out the meaning of data—and their relevance—so that they may be used 
as evidence. 
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Engineers, too, make decisions based on evidence that a given design will 
work; they rarely rely on trial and error. Engineers often analyze a design by 
creating a model or prototype and collecting extensive data on how it performs, 
including under extreme conditions. Analysis of this kind of data not only informs 
design decisions and enables the prediction or assessment of performance but also 
helps define or clarify problems, determine economic feasibility, evaluate alterna-
tives, and investigate failures. 

Spreadsheets and databases provide useful ways of organizing data, especial-
ly large data sets. The identification of relationships in data is aided by a range of 
tools, including tables, graphs, and mathematics. Tables permit major features of 
a large body of data to be summarized in a conveniently accessible form, graphs 
offer a means of visually summarizing data, and mathematics is essential for 
expressing relationships between different variables in the data set (see Practice 5 
for further discussion of mathematics). Modern computer-based visualization tools 
often allow data to be displayed in varied forms and thus for learners to engage 
interactively with data in their analyses. In addition, standard statistical techniques 
can help to reduce the effect of error in relating one variable to another. 

Students need opportunities to analyze large data sets and identify correla-
tions. Increasingly, such data sets—involving temperature, pollution levels, and 
other scientific measurements—are available on the Internet. Moreover, informa-
tion technology enables the capture of data beyond the classroom at all hours of 
the day. Such data sets extend the range of students’ experiences and help to illu-
minate this important practice of analyzing and interpreting data.

GOALS

By grade 12, students should be able to

�U	 Analyze data systematically, either to look for salient patterns or to test 
whether data are consistent with an initial hypothesis. 

�U	 Recognize when data are in conflict with expectations and consider what 
revisions in the initial model are needed.

� �Once collected, data must be presented in a form that can reveal any 

patterns and relationships and that allows results to be communicated  

to others. �
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�U	 Use spreadsheets, databases, tables, charts, graphs, statistics, mathemat-
ics, and information and computer technology to collate, summarize, and 
display data and to explore relationships between variables, especially those 
representing input and output. 

�U	 Evaluate the strength of a conclusion that can be inferred from any data set, 
using appropriate grade-level mathematical and statistical techniques. 

�U	 Recognize patterns in data that suggest relationships worth investigating fur-
ther. Distinguish between causal and correlational relationships.

�U	 Collect data from physical models and analyze the performance of a design 
under a range of conditions.

PROGRESSION

At the elementary level, students need support to recognize the need to record 
observations—whether in drawings, words, or numbers—and to share them with 
others. As they engage in scientific inquiry more deeply, they should begin to col-
lect categorical or numerical data for presentation in forms that facilitate interpre-
tation, such as tables and graphs. When feasible, computers and other digital tools 
should be introduced as a means of enabling this practice. 

In middle school, students should have opportunities to learn standard tech-
niques for displaying, analyzing, and interpreting data; such techniques include 
different types of graphs, the identification of outliers in the data set, and averag-
ing to reduce the effects of measurement error. Students should also be asked to 
explain why these techniques are needed.

As students progress through various science classes in high school and 
their investigations become more complex, they need to develop skill in additional 
techniques for displaying and analyzing data, such as x-y scatterplots or cross-
tabulations to express the relationship between two variables. Students should be 
helped to recognize that they may need to explore more than one way to display 
their data in order to identify and present significant features. They also need 
opportunities to use mathematics and statistics to analyze features of data such as 
covariation. Also at the high school level, students should have the opportunity to 
use a greater diversity of samples of scientific data and to use computers or other 
digital tools to support this kind of analysis.

Students should be expected to use some of these same techniques in engi-
neering as well. When they do so, it is important that they are made cognizant of 
the purpose of the exercise—that any data they collect and analyze are intended to 
help validate or improve a design or decide on an optimal solution.
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Practice 5 	 Using Mathematics and Computational Thinking

Mathematics and computational tools are central to science and engineering. 
Mathematics enables the numerical representation of variables, the symbolic rep-
resentation of relationships between physical entities, and the prediction of out-
comes. Mathematics provides powerful models for describing and predicting such 

phenomena as atomic structure, gravita-
tional forces, and quantum mechanics.

Since the mid-20th century, computa-
tional theories, information and computer 
technologies, and algorithms have revolu-
tionized virtually all scientific and engineer-
ing fields. These tools and strategies allow 
scientists and engineers to collect and ana-
lyze large data sets, search for distinctive 
patterns, and identify relationships and sig-
nificant features in ways that were previ-
ously impossible. They also provide pow-
erful new techniques for employing math-
ematics to model complex phenomena—

for example, the circulation of carbon dioxide in the atmosphere and ocean.
Mathematics and computation can be powerful tools when brought to 

bear in a scientific investigation. Mathematics serves pragmatic functions as a 
tool—both a communicative function, as one of the languages of science, and 
a structural function, which allows for logical deduction. Mathematics enables 
ideas to be expressed in a precise form and enables the identification of new ideas 
about the physical world. For example, the concept of the equivalence of mass 
and energy emerged from the mathematical analysis conducted by Einstein, based 
on the premises of special relativity. The contemporary understanding of electro-
magnetic waves emerged from Maxwell’s mathematical analysis of the behavior of 
electric and magnetic fields. Modern theoretical physics is so heavily imbued with 
mathematics that it would make no sense to try to divide it into mathematical and 
nonmathematical parts. In much of modern science, predictions and inferences 
have a probabilistic nature, so understanding the mathematics of probability and 
of statistically derived inferences is an important part of understanding science. 

Computational tools enhance the power of mathematics by enabling cal-
culations that cannot be carried out analytically. For example, they allow the 
development of simulations, which combine mathematical representations of 
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multiple underlying phenomena to model the dynamics of a complex system. 
Computational methods are also potent tools for visually representing data, and 
they can show the results of calculations or simulations in ways that allow the 
exploration of patterns. 

Engineering, too, involves mathematical and computational skills. For exam-
ple, structural engineers create mathematical models of bridge and building designs, 
based on physical laws, to test their performance, probe their structural limits, and 
assess whether they can be completed within acceptable budgets. Virtually any engi-
neering design raises issues that require computation for their resolution.

Although there are differences in how mathematics and computational 
thinking are applied in science and in engineering, mathematics often brings these 
two fields together by enabling engineers to apply the mathematical form of scien-
tific theories and by enabling scientists to use powerful information technologies 
designed by engineers. Both kinds of professionals can thereby accomplish investi-
gations and analyses and build complex models, which might otherwise be out of 
the question. 

Mathematics (including statistics) and computational tools are essential 
for data analysis, especially for large data sets. The abilities to view data from 
different perspectives and with different graphical representations, to test rela-
tionships between variables, and to explore the interplay of diverse external 
conditions all require mathematical skills that are enhanced and extended with 
computational skills. 

GOALS

By grade 12, students should be able to

�U	 Recognize dimensional quantities and use appropriate units in scientific 
applications of mathematical formulas and graphs. 

�U	 Express relationships and quantities in appropriate mathematical or algorith-
mic forms for scientific modeling and investigations.

� �Increasing students’ familiarity with the role of mathematics in 

science is central to developing a deeper understanding of how 

science works. �
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�U	 Recognize that computer simulations are built on mathematical models that 
incorporate underlying assumptions about the phenomena or systems being 
studied. 

�U	 Use simple test cases of mathematical expressions, computer programs, or 
simulations—that is, compare their outcomes with what is known about the 
real world—to see if they “make sense.” 

�U	 Use grade-level-appropriate understanding of mathematics and statistics in 
analyzing data.

PROGRESSION

Increasing students’ familiarity with the role of mathematics in science is central 
to developing a deeper understanding of how science works. As soon as students 
learn to count, they can begin using numbers to find or describe patterns in 
nature. At appropriate grade levels, they should learn to use such instruments as 
rulers, protractors, and thermometers for the measurement of variables that are 
best represented by a continuous numerical scale, to apply mathematics to inter-
polate values, and to identify features—such as maximum, minimum, range, aver-
age, and median—of simple data sets.

A significant advance comes when relationships are expressed using equali-
ties first in words and then in algebraic symbols—for example, shifting from dis-
tance traveled equals velocity multiplied by time elapsed to s = vt. Students should 
have opportunities to explore how such symbolic representations can be used to 
represent data, to predict outcomes, and eventually to derive further relationships 
using mathematics. Students should gain experience in using computers to record 
measurements taken with computer-connected probes or instruments, thereby rec-
ognizing how this process allows multiple measurements to be made rapidly and 
recurrently. Likewise, students should gain experience in using computer programs 
to transform their data between various tabular and graphical forms, thereby aid-
ing in the identification of patterns. 

Students should thus be encouraged to explore the use of computers for 
data analysis, using simple data sets, at an early age. For example, they could 
use spreadsheets to record data and then perform simple and recurring calcula-
tions from those data, such as the calculation of average speed from measure-
ments of positions at multiple times. Later work should introduce them to the 
use of mathematical relationships to build simple computer models, using 
appropriate supporting programs or information and computer technology tools. 
As students progress in their understanding of mathematics and computation, at 
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every level the science classroom should be a place where these tools are pro-
gressively exploited.

Practice 6 	 Constructing Explanations and Designing Solutions

Because science seeks to enhance human understanding of the world, scientific 
theories are developed to provide explanations aimed at illuminating the nature 
of particular phenomena, predicting future events, or making inferences about 
past events. Science has developed explanatory theories, such as the germ theory 
of disease, the Big Bang theory of the origin of the universe, and Darwin’s the-
ory of the evolution of species. Although their role is often misunderstood—the 
informal use of the word “theory,” after all, can mean a guess—scientific theo-
ries are constructs based on significant bodies of knowledge and evidence, are 
revised in light of new evidence, and must withstand significant scrutiny by the 
scientific community before they are widely accepted and applied. Theories are 
not mere guesses, and they are especially valued because they provide explana-
tions for multiple instances. 

In science, the term “hypothesis” is also used differently than it is in every-
day language. A scientific hypothesis is neither a scientific theory nor a guess; it is 
a plausible explanation for an observed phenomenon that can predict what will 
happen in a given situation. A hypothesis is made based on existing theoretical 
understanding relevant to the situation and often also on a specific model for the 
system in question. 

Scientific explanations are accounts that link scientific theory with spe-
cific observations or phenomena—for example, they explain observed relation-
ships between variables and describe the mechanisms that support cause and 
effect inferences about them. Very often the theory is first represented by a 
specific model for the situation in question, and then a model-based explana-
tion is developed. For example, if one understands the theory of how oxygen is 
obtained, transported, and utilized in the body, then a model of the circulatory 
system can be developed and used to explain why heart rate and breathing rate 
increase with exercise. 

� �Scienti�c theories are developed to provide explanations aimed at 

illuminating the nature of particular phenomena, predicting future events, 

or making inferences about past events. �
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Engaging students with standard scientific explanations of the world—
helping them to gain an understanding of the major ideas that science has devel-
oped—is a central aspect of science education. Asking students to demonstrate 
their own understanding of the implications of a scientific idea by developing 
their own explanations of phenomena, whether based on observations they 
have made or models they have developed, engages them in an essential part 
of the process by which conceptual change can occur. Explanations in science 
are a natural for such pedagogical uses, given their inherent appeals to simplic-
ity, analogy, and empirical data (which may even be in the form of a thought 
experiment) [26, 27]. And explanations are especially valuable for the classroom 
because of, rather than in spite of, the fact that there often are competing expla-
nations offered for the same phenomenon—for example, the recent gradual rise 
in the mean surface temperature on Earth. Deciding on the best explanation is 
a matter of argument that is resolved by how well any given explanation fits 
with all available data, how much it simplifies what would seem to be complex, 
and whether it produces a 
sense of understanding.

Because scientists 
achieve their own under-
standing by building 
theories and theory-based 
explanations with the aid 
of models and represen-
tations and by drawing 
on data and evidence, 
students should also 
develop some facility in 
constructing model- or 
evidence-based explana-
tions. This is an essential 
step in building their own 
understanding of phenomena, in gaining greater appreciation of the explana-
tory power of the scientific theories that they are learning about in class, and in 
acquiring greater insight into how scientists operate. 

In engineering, the goal is a design rather than an explanation. The process 
of developing a design is iterative and systematic, as is the process of developing 
an explanation or a theory in science. Engineers’ activities, however, have elements 
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